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Abstract
The ALICE experiment is the general-purpose heavy-ion experiment at the LHC which is op-
timized for the reconstruction and identification of particles over a broad momentum range, a
unique feature among the four major LHC experiments. In this article, several results on iden-
tified charged hadron production are presented. These measurements depend critically on the
excellent particle identification performance of the ALICE central barrel detectors which is re-
viewed briefly as well.
Transversemomentum (pT) distributions of π±, K±, p and p¯ from Pb–Pb collisions at a center-
of-mass energy of √sNN = 2.76 TeV are compared with corresponding measurements from Au–
Au collisions at √sNN = 0.2 TeV at RHIC. The spectral shapes indicate a strong increase of the
radial flow velocity with growing √sNN. Integrated hadron yields at mid–rapidity are compared
with corresponding measurements from RHIC. Particle yield ratios, including strange hadrons
are discussed in terms of thermal model calculations. Nuclear modification factors RAA of iden-
tified charged hadrons have been measured as a function of pT for the first time up to transverse
momenta of 20 GeV/c.
1A list of members of the ALICE Collaboration and acknowledgements can be found at the end of this issue.
sNN = 0.2 TeV at RHIC have shown that the dynamics of bulk
matter can be described by hydro models. The diﬀerence in the pT distribution of the various
particle species is mainly due to the diﬀerent particle masses. The observed particle abundances
were successfully described in the framework of thermal models [1, 2, 3, 4].
In the intermediate momentum region, an anomalous enhancement of the yield ratio of
baryons to mesons was observed [5, 6, 7] at RHIC. This enhancementwas interpreted as possibly
caused by the recombination of quarks to hadrons rather than as a consequence of hydrodynamic
flow. It has been predicted that such eﬀects should extend out to much higher pT at the LHC [8].
ALICE provides precision tracking, vertexing and particle identification (PID) over a broad
momentum range from 100 MeV/c to 50 GeV/c. This range can be subdivided into three pT
regions in which qualitatively diﬀerent particle species dependent eﬀects are expected to be im-
portant in ultrarelativistic nucleus-nucleus collisions, i.e. low pT (pT  3 GeV/c), intermediate
pT (3 GeV/c  pT  7 GeV/c), and high pT (pT  7 GeV/c).
At low pT, measurements at
√
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Figure 1: Left: Relative pT resolution σ(pT)/pT as a function of pT for TPC+ITS combined tracking. Right: Transverse
impact parameter resolution d0rφ, obtained for tracks satisfying the standard TPC track quality cuts and having one hit
each in the two innermost layers of ITS.
At high pT, the species dependent eﬀects should mainly be due to the interaction of partons
from hard scattering with the medium. It was predicted that, even in the absence of medium
eﬀects during or after hadronization, a medium modification of the parton shower can lead to a
significant change in the jet hadrochemistry [9].
In this article, we report several new results from ALICE. Low pT spectra of primary hadrons
give access to the radial flow in central Pb–Pb collisions. Particle yield ratios, including φ and K0∗
yields, are discussed in terms of thermal model calculations. Using the event shape engineering
technique [20] the interplay between the radial and elliptic flow is studied. Identified hadron
yield ratios and nuclear modification factors have been determined as a function of pT based on
the spectra of π±, K±, p and p¯ measured up to transverse momenta of 20 GeV/c.
2. ALICE setup and performance
The ALICE experiment consists of a central barrel which measures hadrons, electrons and
photons, as well as a forward muon spectrometer. The central barrel is embedded in a solenoid
magnet with a magnetic field of 0.5 T. It consists of the Inner Tracking System (ITS) with 6 lay-
ers of high resolution silicon detectors, a cylindrical Time Projection Chamber (TPC) and three
particle identification detectors: The Transition Radiation Detector (TRD), the Time-Of-Flight
detector (TOF) and a Cherenkov detector (HMPID). Two calorimeters, a high resolution pho-
ton spectrometer (PHOS) and an electro-magnetic calorimeter (EMCAL), are located at larger
radii. Several smaller detectors for triggering and multiplicity measurements are located at small
angles. The layout of ALICE detector and its 18 subsystems are described in [10].
The transverse momentum of charged particles is reconstructed from the track curvature,
measured in the magnetic field combining the information from the TPC and ITS detectors and
using a Kalman filter algorithm [11]. The relative momentum resolution σ(pT)/pT as a function
of particle momentum is shown in Fig. 1 (left). The resolution was estimated from the covariance
matrix of reconstructed Kalman tracks, taking into account the uncertainties of the space point
determination and the multiple scattering in the material [11]. Additional uncertainties due to the
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Figure 2: The PID performance of the ALICE detector. The figure shows the ITS dE/dx vs p, the TPC dE/dx vs p, the
TOF β vs p, and the HMPID Cherenkov angle vs p.
residual misalignment and miscalibration between the TPC and ITS were taken into account by
adding the corresponding terms to the covariance matrix at the boundary between the TPC and
ITS. At low momentum the relative momentum resolution σ(pT)/pT is dominated by multiple
scattering. Due to the small material budget (10% of a radiation length between the vertex and
the outer wall of the TPC) the relative resolution is approximately 1% at pT ∼ 1 GeV/c. At
high transverse momenta the resolution increases linearly and reaches approximately 10% at
pT = 50 GeV/c for the data sample used in the presented analyses. The momentum resolution
estimate from the covariance matrix was verified with the help of cosmic muons events and the
width of the invariant mass peaks of the Λ and K0S particles. From the study of these invariant
mass distributions as a function of pT, we assigned a systematic error of 20% to the pT resolution.
An important requirement for the measurement of primary charged particles is an excel-
lent resolution of the impact parameter with respect to the primary vertex, as shown in Fig. 1
(right). This allows for a good separation of primary and secondary particles [12]. The data
points are in good agreement with the Monte Carlo simulation and range from around 200 μm at
pT = 300 MeV/c for pions to around 35 μm at pT = 5 GeV/c independent of the particle species.
Charged particles are identified in the broad momentum range of 100 MeV/c up to 20 GeV/c.
The upper value is determined by the statistics used in the current analyses, but given the actual
detector performances, the reach potentially extends up to 50 GeV/c. The PID is performed
by various detector systems exploiting almost all known techniques for particle identification.
Overlap in the momentum coverage allows for independent crosschecks [13].
The particle identification of the ITS and the TPC are based on the measurement of the
momentum and the specific energy loss per unit path length dE/dx. For a particle with a given
momentum the dE/dx depends only on its charge and mass. The functional dependence of the
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Figure 3: Left: identified particle spectra for the 0-5% most central Pb–Pb collisions, compared to RHIC data and
hydrodynamic models [13]. Right: thermal fit to integrated yields in Pb–Pb 0-20% centrality. K∗0 and φ results were
excluded from the fit ([19, 25]).
specific energy loss on particle momenta is shown as lines in Fig. 2 (upper row).
Particle identification via dE/dx is not unambiguous. As shown in Fig. 2, the crossing point
for π/K at around 1 GeV/c and for K/p at around 2 GeV/c is visible in the TPC dE/dx curve.
Therefore, the particle identification via dE/dx is supplemented by additional PID techniques.
PID in the TOF is based on the measurement of particle velocity. Here, a 3σ kaon/proton
separation power can be achieved up to 4 GeV/c. The reach of the hadron identification can be
further extended by the detection of Cherenkov radiation in the High Momentum Particle Iden-
tification Detector (HMPID), where a 3σ kaon/proton separation power can be achieved up to
5 GeV/c. At higher momenta statistical unfolding can be used in regions with limited separation
power. Furthermore, the pT reach of identified hadrons is extended using the relativistic rise in
the energy loss measurement in the TPC up to pT ∼ 50 GeV/c [24].
Strange and multi-strange hadrons, as well as γ-conversions are identified via topological
methods based on their decays: Λ→ p + π, K0s → π+ + π−, Ξ− → π− + Λ and Ω− → K− + Λ.
Resonances are reconstructed via their hadronic decay channels: φ→K− +K+ and K∗0→K+ + π−
[25].
3. Results
Results presented in this section are for Pb–Pb collisions at √sNN = 2.76 TeV recorded by
ALICE in 2010. Yields of π±, K±, p and p¯ at mid-rapidity (|y| <0.5) are compared to previous
RHIC measurements at √sNN = 200 GeV and to expectations from the hydrodynamicmodels in
Fig.3 . The pT distributions are harder than previously measured at RHIC and are well described
by hydro-inspired blast wave model with a collective radial flow velocity 〈βT〉 = 0.65 ± 0.02 and
kinetic freeze-out temperature Tkin = 95 ±10 MeV. Radial flow velocity is ∼10% higher than at
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Figure 4: Left: |q2 | distribution (see definition of |q2 | in [20]) from VZERO (A+C) detector in Pb–Pb collisions at√
sNN = 2.76 TeV for 30-40% centrality. Right: ratio between the raw spectrum for events with 10% highest (lowest) q2
values to that for the unbiased sample.
√
sNN = 200 GeV [15] and is in agreement with the observed tendency from the RHIC beam
energy scan [4]. When the fit is performed in the same pT range (see [13] for details), the kinetic
freeze-out temperature Tkin at the LHC [13] and at RHIC (
√
sNN = 200 GeV) is compatible
within errors.
The data were compared with the calculation based on the VISH2+1 [16], HKM [17] and
Krakow [18] models. The HKM model, which includes a hadronic phase, is able to reproduce
the experimental data better than the pure hydro model VISH2+1. The hadronic phase builds
additional radial flow, mostly due to elastic interactions and may aﬀects also particle yields due
to the final state interactions, in particular antibaryon-baryon annihilation. At pT < 3 GeV/c
(Krakow) and pT < 1.5 GeV/c (HKM) these two models reproduce the data within 20%, support-
ing the hydrodynamic interpretation of data at the LHC. These models also describe correctly the
ALICE measurement of two-pion Bose–Einstein correlations in central Pb–Pb collisions [14].
The observed large event-by-event fluctuations of the anisotropic flow can be used to select
events with large or small eccentricities. It was proposed [20] to use a flow q-vector to select
events with diﬀerent flow values - a technique called the event shape engineering. Figure 4 (left)
shows the q-vector distribution, while Fig. 4 (right) presents the ratio of the pT distribution of
identified hadrons for events with large (highest 10%) or small (lowest 10%) elliptic flow (v2)
[19] relative to the unbiased distribution. A modification of the pT spectrum up to 3 % in the
pT region from 1 up to 5 GeV/c is observed. Events with higher (lower) v2 have harder (softer)
spectra. The eﬀect vanishes at high pT. More detailed studies, including comparison with the-
oretical models, are needed to understand the observed correlation between the v2 and radial
flow.
ALICE has recently measured the transversemomentum spectra for strange andmulti-strange
hadrons and resonances in Pb–Pb collision [25]. Within experimental uncertainties φ/π, φ/K
and Λ/π ratios do not exhibit significant centrality dependence, while some decrease towards
central events is observed for the K∗0/K− ratio. A possible explanation is re-scattering of decay
daughters in hadronic medium, which has a stronger eﬀect in central collision for the short lived
K∗0 resonance. No energy dependence is observed in the particle ratios φ/π, φ/K and Λ/π. The
K∗0/K− ratio in heavy ion collision is smaller than that measured in p-p collisions [25].
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Figure 5: The invariant yield of charged pions, kaons and proton as function of pT for diﬀerent Pb–Pb centrality classes
and pp. Statistical and systematic uncertainties are shown as error bars and grey areas, respectively.
The strangeness enhancement measured by ALICE for strange (Λ, Λ¯) and multi-strange (Ξ
and Ω) baryons increases with the number of participants and is lower than at SPS and RHIC
Further details about the analyses of the hadrons with strange quark content in p–p and Pb–Pb
collisions can be found in [25].
Figure 3 (right) shows integrated yields at mid-rapidity (|y|< 0.5) in Pb–Pb collisions for
0-20% centrality. The measured particle yields and ratios at RHIC, SPS and AGS were success-
fully described in terms of the thermal model [2, 4]. Relative particle abundances in thermal
and chemical equilibrium are characterized mainly by two parameters, the chemical freeze-out
temperature Tch and the baryochemical potential μB. Thermal fits to ALICE data are rather poor
(χ2/Ndof = 39.6/9) and yield unexpectedly low Tch = 152 ± 3 MeV. Excluding protons from
the fit significantly improves the agreement with ALICE data and yield Tch= 164 MeV which is
close to the value extrapolated from lower energies [22]. It is argued that final-state interactions
in the hadronic phase, in particular via antibaryon-baryonannihilation, can explain the significant
deviation from the usual thermal ratios [26, 27].
Jets produced in nucleus-nucleus collisions are strongly modified (quenched) due to the in-
teraction of the parton shower with the dense QCD matter. Jet quenching can leave signatures in
the hadrochemical composition of the jet fragments. Even in the absence of the medium eﬀects
during hadronization, medium modification of the parton shower can lead to significant change
in jet hadrochemistry [9].
Figure 5 shows the invariant yield of charged pions, kaons and proton as a function of pT up
to 20 GeV/c for pp and Pb–Pb collisions, which extend previous measurement reported in [23].
In the low pT region combined PID using ITS, TPC, TOF and HMPID was used. In the high
momenta region the TPC dE/dx is used exclusively [24].
The left panel of Fig. 6 shows the proton to pion ratio for Pb–Pb collisions at √sNN = 2.76 TeV
as a function of momentum. In the intermediate pT region an enhancement of the baryon to me-
son ratio is observed. The observed pT dependence of the ratio can be interpreted as due to the
competition of the transverse flow and recombination. The behavior is qualitatively similar to
that observed by STAR, but the maximum is shifted towards larger pT. Note that STAR results
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Figure 6: Particle ratio for Pb–Pb at √sNN = 2.76 TeV 0-5% Left: (anti-)proton to charged pion ratio compared with
STAR results in centrality 0-12% (Protons from STAR are not feed-down corrected). Right: (anti-)proton to charged
pion ratio compared with models.
Figure 7: Charged pion, kaon and (anti-)proton RAA vs pT, Pb–Pb at
√
sNN = 2.76 TeV for centrality 0-5% (left) and
60-80% (right). Statistical (vertical error bars) and systematic (gray and colored boxes) are shown for the charged pion
RAA. The gray boxes contains the common systematic error related to pp normalization to INEL and Ncoll.
are not corrected for feed-down from weak decays. The observed ratios are compared with theo-
retical models, AMPT [29], recombination [30] and EPOS model [28]. The EPOS model, which
accounts for hydrodynamically expanding bulk matter, jets and the interaction between them,
describes the peak position and also the amplitude within the systematic errors.
Figure 7 shows the nuclear modification factor RAA for pions, kaons and protons for centrality
classes 0-5% and 60-80% using the 2010 data sample. In the pT region above 10 GeV/c, there
is little diﬀerence between pion, kaon and proton, which indicates that particle type dependence
may disappear at high pT. This will be clarified later with higher statistics measurements. The
high pT PID by dE/dx opens the door for future interesting measurements such as identified
fragmentation functions.
4. Conclusions
We presented the measurement of identified charged hadron spectra. The ALICE central bar-
rel provides precision tracking and PID in the broad momentum range 0.1 < pT < 50 GeV/c. At
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low pT, the data were compared with results from hydrodynamic model calculations. Models
with an explicit late fireball description reproduce the experimental data well. The measured
integrated particle yields were compared to predictions from the thermal model based on RHIC
and SPS data. In the intermediate pT region, an enhancement of the baryon-to-meson ratio was
observed. The maximum of the ratio is shifted to higher pT with respect to RHIC measurements.
First measurements of (anti-)protons, kaons, and pions at high pT (pT > 7 GeV/c) were pre-
sented. The nuclear modification factors for these species are compatible, which suggests that
the medium does not significantly aﬀect the hadron chemistry of the fragmentation.
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